Immune rejection of organ transplants is a life-threatening complication and is exemplified by alterations in the expression of proteinencoding genes. Because microRNAs (miRNAs) regulate the expression of genes implicated in adaptive immunity, we investigated whether acute rejection (AR) is associated with alterations in miRNA expression within allografts and whether expression profiles are diagnostic of AR and predict allograft function. Seven of 33 renal allograft biopsies (12 AR and 21 normal) were profiled using microfluidic cards containing 365 mature human miRNAs (training set), and a subset of differentially expressed miRNAs were quantified in the remaining 26 allograft biopsies (validation set). We found a strong association between intragraft expression of miRNAs and messenger RNAs (mRNAs), and that AR, and renal allograft function, could be predicted with a high level of precision using intragraft levels of miRNAs. Our investigation of miRNA expression in normal human peripheral blood mononuclear cells (PBMCs) showed that miRNAs (miR-142-5p, -155, and -223) overexpressed in AR biopsies are highly expressed in PBMCs, and that stimulation with the mitogen phytohaemagglutinin results in an increase in the abundance of miR-155 and a decrease in miR-223 and let-7c. Quantification of miRNAs in primary cultures of human renal epithelial cells (HRECs) showed that miR-30a-3p, -10b, and let-7c are highly expressed in HRECs, and that stimulation results in a decreased expression of miR-30a-3p. Our studies, in addition to suggesting a cellular basis for the altered intragraft expression of miRNAs, propose that miRNA expression patterns may serve as biomarkers of human renal allograft status.
Immune rejection of organ transplants is a life-threatening complication and is exemplified by alterations in the expression of proteinencoding genes. Because microRNAs (miRNAs) regulate the expression of genes implicated in adaptive immunity, we investigated whether acute rejection (AR) is associated with alterations in miRNA expression within allografts and whether expression profiles are diagnostic of AR and predict allograft function. Seven of 33 renal allograft biopsies (12 AR and 21 normal) were profiled using microfluidic cards containing 365 mature human miRNAs (training set), and a subset of differentially expressed miRNAs were quantified in the remaining 26 allograft biopsies (validation set). We found a strong association between intragraft expression of miRNAs and messenger RNAs (mRNAs), and that AR, and renal allograft function, could be predicted with a high level of precision using intragraft levels of miRNAs. Our investigation of miRNA expression in normal human peripheral blood mononuclear cells (PBMCs) showed that miRNAs (miR-142-5p, -155, and -223) overexpressed in AR biopsies are highly expressed in PBMCs, and that stimulation with the mitogen phytohaemagglutinin results in an increase in the abundance of miR-155 and a decrease in miR-223 and let-7c. Quantification of miRNAs in primary cultures of human renal epithelial cells (HRECs) showed that miR-30a-3p, -10b, and let-7c are highly expressed in HRECs, and that stimulation results in a decreased expression of miR-30a-3p. Our studies, in addition to suggesting a cellular basis for the altered intragraft expression of miRNAs, propose that miRNA expression patterns may serve as biomarkers of human renal allograft status.
acute rejection ͉ biomarkers ͉ miRNA ͉ renal transplantation ͉ mRNA A n important breakthrough in biology in recent years is the discovery of microRNAs (miRNAs) (1) . miRNAs are small (Ϸ19-25 nucleotides), naturally occurring, evolutionarily conserved, abundant, and noncoding RNAs that regulate gene expression, primarily by translational repression or by messenger RNA (mRNA) degradation (2) . The first miRNA was described in 1993 (3, 4) and hundreds of miRNAs have now been cloned and thousands predicted bioinformatically (5) . It has been shown that a single miRNA is directly responsible for the repression of hundreds of proteins and regulating the levels of thousands of others (6) . Many diverse biological processes such as development (7), cell proliferation, differentiation, apoptosis, fat metabolism, and oncogenesis (8) are reported to be regulated by miRNAs. Emerging data suggest a critical role for miRNAs in the regulation of immune cell development and in the modulation of innate and adaptive immune responses (9) (10) (11) (12) .
Transplantation of organs has progressed from a risky experimental therapy to a safe and life-saving treatment modality in a relatively short span of 5 decades (13) (14) (15) . However, transplant recipients require life-long treatment with nonspecific, toxic, and multiple immunosuppressive drugs and are ever under the threat of losing their allografts because of immune rejection of the transplanted organ. Immune rejection results from the activation of recipient's lymphocytes following recognition of donor antigens, generation of effector T lymphocytes, alloantibody production, and graft infiltration by alloreactive cells. A better understanding of the mechanisms of allograft rejection may lead to the identification of new targets for therapeutic intervention and to the development of safer treatment modalities.
Earlier studies of allograft rejection, including those carried out in our laboratory, have demonstrated striking alterations in the expression of multiple genes during acute rejection (AR) (16) (17) (18) (19) (20) (21) . We reported that acute rejection of human renal allografts is exemplified by increased expression of mRNAs encoding cytotoxic attack proteins granzyme B and perforin (18, 19) , mRNAs for key chemokines and chemokine receptors such as chemokine gamma inducible protein of 10 kD (IP-10) and its receptor CXCR3 (20) , and mRNA for FOXP3, a specification and functional factor for regulatory T cells (21) . mRNA expression profiling studies using microarrays have identified that acute rejection is associated with major perturbations in the expression of multiple genes including those implicated in cell cycling, metabolism, and immunity (16, 17) .
A critical and unresolved question is the mechanistic basis for the major perturbations in gene expression during an episode of acute rejection. miRNAs can regulate the expression of a vast array of genes including those involved in adaptive immunity. Therefore, we investigated whether acute rejection is associated with significant alterations in the expression of miRNAs within the allografts, and whether intragraft miRNA expression patterns are diagnostic of acute rejection and predict renal allograft function.
We found that a subset of 17 mature miRNAs differentiated, acutely rejecting allografts from normal allografts, and that acute rejection, and renal allograft function, could be predicted with a high level of precision using intragraft levels of miRNAs. We also found a strong positive association between intragraft expression of miRNAs and mRNAs. Our investigation of miRNA expression in normal human peripheral blood mononuclear cells (PBMCs) showed that miRNAs (miR-142-5p, -155, and -223) overexpressed in AR biopsies are highly expressed in PBMCs, and that activation results in an increase in the abundance of miR-155 and a decrease in miR-223 and let-7c. Quantification of miRNAs in primary cultures of human renal epithelial cells (HRECs) showed that miR-30a-3p, -10b, and let-7c are highly expressed in HRECs compared to PBMCs, and that stimulation results in a decreased expression of miR-30a-3p.
probes for 365 mature human miRNAs. The characteristics of patients whose renal allograft biopsies were studied for global miRNA expression patterns (training set), or for a subset of differentially expressed miRNAs (validation set), are summarized in supporting information (SI) Table S1 .
Among the 365 mature human miRNAs analyzed in the training set (4 normal and 3 AR biopsies), 174 Ϯ 7 miRNAs (48%) were expressed in each biopsy sample (174 Ϯ 10 miRNAs in the AR biopsies vs. 174 Ϯ 4 miRNAs in the normal allograft biopsies). Unsupervised hierarchical clustering of miRNA expression patterns correctly classified the normal allograft biopsies and the AR biopsies (Fig. 1A) .
The clear separation of AR biopsies from normal allograft biopsies was further confirmed by displaying the relationships among miRNA expression patterns using principal component analysis (PCA) (Fig. 1B) . Samples were accurately grouped by PC1, which explained 46% of the overall miRNA expression variability, whereas PC2 explained 21% of the variability and did not classify the samples according to their diagnosis. Table S2 lists the miRNAs with high contribution to the overall variability of the samples.
MicroRNAs Distinguishing Acute Rejection Biopsies from Normal Allograft Biopsies. Supervised analysis was used to detect miRNAs differentially expressed in AR biopsies and normal allograft biopsies. A subset of 17 miRNAs was differentially expressed at a P value Ͻ0.01. Among the 17 miRNAs, 10 (let-7c, miR-10a, miR-10b, miR-125a, miR-200a, miR-30a-3p, miR-30b, miR30c, miR30e-3p, and miR-32) were underexpressed in AR biopsies compared to normal allograft biopsies, and 7 (miR-142-5p, miR-142-3p, miR-155, miR-223, miR-146b, miR-146a, and miR-342) were overexpressed ( Fig. 2 and Table S3 ). At a P value Ͻ0.05, 33 additional miRNAs were found to be underexpressed in AR biopsies compared to normal allograft biopsies, and only 3 miRNAs were found to be overexpressed ( Fig. 2 and Table S3 ).
Validation of the MicroRNA Signatures Predictive of Renal Allograft
Status. An independent set of 26 renal allograft biopsies (9 AR biopsies and 17 normal allograft biopsies) was used to validate a subset of miRNAs identified by global expression profiling to be differentially expressed in AR biopsies and normal allograft biopsies. Fig. 3 confirms the differential expression of miRNAs in AR biopsies compared to normal allograft biopsies. As observed in the training set, miR-142-5p (P Ͻ 0.0001), -155 (P Ͻ 0.0001), and -223 (P Ͻ 0.0001) were overexpressed in AR biopsies in the validation set, and miR-10b (P ϭ 0.01), miR-30a-3p (P ϭ 0.04), and let-7C (P ϭ 0.08) were underexpressed.
Intragraft miRNA Levels Are Biomarkers of Renal Allograft Status. We investigated whether intragraft miRNA levels predict AR and renal allograft function. We used receiver-operating curves (ROCs) to analyze miRNA levels to determine cutoff points that yielded the highest combined sensitivity and specificity for predicting AR and allograft function. Our analysis showed that AR can be predicted very accurately using intragraft levels of miR-142-5p (100% sensitivity and 95% specificity, P Ͻ 0.0001, Table 1 ) or miR-155 (100% sensitivity and 95% specificity, P Ͻ 0.0001, Table 1 ). Intragraft The color in each cell reflects the level of expression of the corresponding miRNA in the corresponding sample, relative to its mean level of expression in the entire set of biopsy samples. The increasing intensities of red mean that a specific miRNA has a higher expression in the given sample and the increasing intensities of green mean that this miRNA has a lower expression. The scale (Bottom Right) reflects miRNA abundance ratio in a given sample relative to the mean level for all samples. (B) Principal component analysis of 7 kidney allograft biopsies based on the expression of 174 small RNAs significantly expressed (i.e., C T Ͻ 35) in all of the samples. PCA is a bilinear decomposition method designed to reduce the dimensionality of multivariable systems and used for overviewing clusters within multivariate data. It transforms a number of correlated variables into a smaller number of uncorrelated variables called principal components (PC). The first PC accounts for as much of the variability in the data as possible, and each succeeding component accounts for as much of the remaining variability as possible. PCA showed evident clustering and confirmed the separation of AR samples from normal allograft biopsies. Samples were accurately grouped by PC1, which explained 45.91% of the overall miRNA expression variability, whereas PC2 explained 21.48% of variability and did not classify the samples according to their diagnosis. levels of miR-223, -10b, -30a-3p, and let-7c were also diagnostic of AR but with a lesser level of accuracy (Table 1) .
Analysis involving the ROC showed that AR can also be predicted using intragraft levels of T cell CD3 mRNA, B cell CD20 mRNA, and mRNA encoding renal tubular proteins NKCC-2 and USAG-1 but with much less sensitivity and specificity compared to intragraft levels of miR-142-5p, -155, or -223 (Table 1) .
We examined whether intragraft miRNA levels predict renal allograft function. Renal graft function at the time of allograft biopsy was assessed by calculating glomerular filtration rate (eGFR) using the 4-parameter modified diet in renal disease (MDRD) formula (22) . Our examination showed that intragraft levels of miR-142-5p (R ϭ Ϫ0.66, P Ͻ 0.0001), -10b (R ϭ 0.62, P Ͻ 0.0001), -155 (R ϭ Ϫ0.59, P ϭ 0.0003), -223 (R ϭ Ϫ0.57, P ϭ 0.0006), -30a-3p (R ϭ 0.57, P ϭ 0.0006), and let-7c (R ϭ 0.37, P ϭ 0.03) are significantly associated with eGFR. Among the intragraft mRNAs assessed, CD3 mRNA (R 2 ϭ 0.36, P ϭ 0.0002), but not mRNA for CD20 (R 2 ϭ 0.04, P ϭ 0.25), NKCC-2 (R 2 ϭ 0.01, P ϭ 0.58), or USAG-1 (R 2 ϭ 0.08, P ϭ 0.21), was associated with graft function.
Mechanisms for the Altered Intragraft Expression of miRNAs in AR
Biopsies. Fig. 4 illustrates that there is a strong positive association between intragraft levels of CD3 mRNA and intragraft levels of miR-142-5p (Fig. 4A, R 2 ϭ 0.72, P Ͻ 0.0001), miR-155 (Fig. 4B , R 2 ϭ 0.69, P Ͻ 0.0001), or miR-223 (Fig. 4C , R 2 ϭ 0.66, P Ͻ 0.0001). We also found a strong positive relationship between intragraft levels of CD20 mRNA and miR-142-5p (R 2 ϭ 0.61, P Ͻ 0.0001), miR-155 (R 2 ϭ 0.55, P Ͻ 0.0001), or miR-223 (R 2 ϭ 0.56, P Ͻ 0.0001). In contrast, there was no association between renal tubule NKCC-2 mRNA or USAG-1 mRNA and miR-142-5p, -155, or miR-223 (all P values Ͼ0.05).
We examined whether an association exists between miRNAs underexpressed in AR biopsies and intragraft mRNA levels. We found a positive association between renal tubule-specific NKCC-2 mRNA and miR-30a-3p (Fig. 4E, R 2 ϭ 0.53, P Ͻ 0.0001), miR-10b (Fig. 4F, R 2 ϭ 0.36, P Ͻ 0.0001), or let-7c (Fig. 4G , R 2 ϭ 0.13, P ϭ 0.04). In a similar fashion to NKCC-2, renal tubule-related USAG-1 mRNA levels were positively associated with the intragraft levels of Fig. 2 . Differential expression of miRNAs in acute rejection biopsies and normal allograft biopsies at a P value Ͻ0.05. MicroRNA (miRNA) expression patterns of 7 human kidney allograft biopsies [3 showing histological features of acute rejection (AR) and 4 with normal allograft biopsy results (N)] were examined using microfluidic cards containing TaqMan probes and primer pairs for 365 human mature miRNAs. Each column corresponds to the expression profile of a renal allograft biopsy, and each row corresponds to a miRNA. ABqPCR software was used to identify miRNAs that were differentially expressed between AR biopsies and normal allograft biopsies. C T filtering procedure was first performed. Assays with a C T value Ͼ35 in Ͼ50% of samples in each group were called undetected. Assays that were not detected in both groups were not included in the analysis. For the remaining assays, t test was used to detect differentially expressed miRNAs. The miRNA clustering tree is shown on the Left. Branch lengths represent the degree of similarity between individual miRNAs. The higher intensities of red mean higher expression level. Fig. 3 . Validation of differential expression of microRNAs in AR biopsies and normal allograft biopsies of human renal allografts. Intragraft expression levels of miR-142-5p, -155, -223, -10b, -30a-3p, and let-7c in an independent validation set of 9 acute rejection biopsies and 17 normal kidney allograft biopsies. Expression levels were quantified using modified TaqMan miRNA assays that allow absolute quantification of miRNAs (see SI Text for full details). miRNA copy numbers were normalized using the stably expressed RNU44 small nucleolar RNA, and are shown as mean (Ϯ SE) ratio of miRNA copies to RNU44 copy numbers. RNU44 copy numbers were not different between the 9 acute rejection biopsies (8.87 ϫ 10 6 Ϯ 1.48 ϫ 10 6 copies/g RNA) and the 17 normal allograft biopsies (8.72 ϫ 10 6 Ϯ 8.42 ϫ 10 5 copies/g RNA, P ϭ 0.92). P value calculated using t test. *Receiver-operating characteristic (ROC) curve analysis was used to determine the cutoff points that yielded the highest combined sensitivity and specificity. The ratio of miRNA copies to RNU44 copies and the ratio of mRNA copies to 18S rRNA copies were used to perform the ROC curve analysis. Analysis involving RNU44 and 18S rRNA was performed using copies per 1 g total RNA.
miR-30a-3p (R 2 ϭ 0.44, P Ͻ 0.0001), miR-10b (R 2 ϭ 0.35, P ϭ 0.0003), or let-7c (R 2 ϭ 0.19, P ϭ 0.01). In contrast, there was no significant association between intragraft levels of CD3 mRNA or CD20 mRNA and miR-30a-3p, miR-10b, or let-7c (all P values Ͼ0.05).
To address whether the altered expression of miRNAs in AR biopsies is because of the relative proportions of graft-infiltrating immune cells and resident kidney parenchymal cells, we quantified the abundance of differentially expressed miRNAs in normal human PBMCs and in normal HRECs. We also investigated whether stimulation of PBMCs or HRECs altered the level of expression of miRNAs. Our investigation showed that whereas the absolute levels of RNU44 small nucleolar miRNA was similar in both PBMCs and HRECs (2.0 ϫ 10 7 Ϯ 1.2 ϫ 10 7 vs. 2.35 ϫ 10 7 Ϯ 1.9 ϫ 10 6 , P Ͼ 0.05), the miRNAs overexpressed in AR biopsies (miR-142-5p, miR-155, and miR-223) were all expressed at a higher level in normal human PBMCs compared to miRNAs (miR-30a-3p, miR-10b, or let-7c) underexpressed in AR biopsies. Moreover, stimulation of PBMCs with the mitogen phytohaemagglutinin (PHA) results in an increase in the abundance of miR-155 (P ϭ 0.0002) and a decrease in miR-223 (P ϭ 0.02), let-7c (P ϭ 0.02), or miR-142-5p (P ϭ 0.08) (Fig. 5) . H-ras (23) and c-myc (24) are targets of let-7c, and activation of PBMCs with PHA resulted in the increased expression of mRNAs for c-myc (P ϭ 0.01) and H-ras (P ϭ 0.07) (Fig. 5) .
Quantification of miRNAs in primary cultures of HRECs showed that miR-30a-3p, miR-10b, or let-7c are expressed at a higher level in HRECs compared to PBMCs, and that stimulation of HRECs with cell-free supernatants of PHA-activated PBMCs results in a decrease in the abundance of miR-30a-3p (P ϭ 0.02) (Fig. 6) . As expected, activation of HRECs with cell-free supernatants of PHA-activated PBMCs increased the expression of mRNA-encoding proinflammatory cytokines MCP-1, RANTES, and IP-10 in HRECs (Fig. S1 ).
Discussion
We identified that intragraft miRNA profiles distinguish patients with AR of human allografts from patients with normal allograft biopsy results, and that AR can be diagnosed with a high degree of accuracy with the use of intragraft levels of miRNAs. Moreover, miRNA profiles were also predictive of renal allograft function. Our observations, together, support the hypothesis that intragraft miRNA expression patterns may serve as biomarkers of human renal allograft status.
We used a 2-step approach to develop miRNA signatures predictive of AR. First, we ascertained intragraft expression patterns of 365 mature human miRNAs in 7 human renal allograft biopsies classified as AR or normal. Global expression profiling identified miRNAs differentially expressed in AR biopsies compared to normal biopsies ( Figs. 1 and 2 ). In the second step, with the use of modified TaqMan miRNA assays, we determined absolute copy numbers of miRNAs in 26 additional renal allograft biopsies (Fig. 3) . Our approach resolved that intragraft levels of miR-142-5p, -155, -223, -10b, -30a-3p, and let-7c are diagnostic of AR, with miR-142-5p, miR-155, and miR-223 each predicting AR with Ͼ90% sensitivity and specificity (Table 1) . Intragraft levels of mRNA for CD3, CD20, NKCC-2, and USAG-1 were also diagnostic of AR, but with less combined sensitivity and specificity.
Intragraft levels of miR-142-5p, -155, -223, -10b, -30a-3p, and let-7c predicted renal graft function with miR-142-5p and miR-10b showing the strongest association with graft function. Among the mRNAs analyzed, mRNA for CD3, but not mRNAs for CD20, NKCC-2, and USAG-1, predicted graft function, and the association between CD3 mRNA and graft function was weaker compared to that of miR-142-5p or miR-10b. Our observations that intragraft miRNA expression patterns are predictive of allograft status, in addition to the existing data that miRNAs are stable (25) , present in high abundance, and can be examined in formalin-fixed tissues (26) , advance the idea that miRNA expression patterns may be of value as biomarkers in clinical transplantation.
Several of the miRNAs found at a higher level in AR biopsies compared to normal allograft biopsies have been reported to play an important role in innate and adaptive immunity. For example, recent microarray studies of activated mouse macrophages characterized miR-155 as a common target of a broad range of inflam- Fig. 4 . Positive association between miRNAs and mRNAs in human allograft biopsies. Intragraft levels of miRNAs were quantified with the use of TaqMan miRNA assays, and intragraft levels of mRNAs were quantified using real time quantitative PCR assays, and the relationship between the intragraft levels of miRNA and mRNA is shown, along with Pearson correlation (R 2 ) and P values. A strong positive association between the levels of CD3 mRNA and the levels of miRNAs overexpressed in acute rejection biopsies was found: (A) miR-142-5p (R 2 ϭ 0.72, P Ͻ 0.0001); (B) miR-155 (R 2 ϭ 0.69, P Ͻ 0.0001); or (C) miR-223 (R 2 ϭ 0.66, P Ͻ 0.0001). A positive association between renal tubule specific NKCC-2 mRNA and miRNAs underexpressed in acute rejection biopsies was also observed: (E) miR-30a-3p (R 2 ϭ 0.53, P Ͻ 0.0001); (F) miR-10b (R 2 ϭ 0.36, P Ͻ 0.0001); or (G) let-7c (R 2 ϭ 0.13, P ϭ 0.04). Results from all 33 renal allograft biopsies (red, 12 acute rejection biopsies; green, 21 normal allograft biopsies) are shown. The threshold cycle (C T) is the fractional cycle number at which the fluorescence crossed the fixed threshold in miRNA/mRNA assays. (D) The mean (Ϯ SD) C T values of the endogenous control for mRNAs (18S rRNA, 24.8 Ϯ 1.3 vs. 24.7 Ϯ 1.1, P ϭ 0.86, t test) and (H) for miRNAs (RNU44 small nucleolar RNA, 27.1 Ϯ 0.7 vs. 27.1 Ϯ 0.5, P ϭ 0.97, t test) were similar between the acute rejection samples and the normal renal allografts. matory mediators (27) and miR-146a and miR-155 to be regulated in response to immune-cell stimulation by endotoxins (28) . miR-155 is encoded within an exon of the nonprotein-encoding gene bic (B-cell integration cluster) and high levels of bic expression are induced upon antigen receptor stimulation of B and T cells, and Toll-like receptor stimulation of macrophages and dendritic cells (29) . In this regard, our in vitro studies showed that activation with the polyclonal T-cell mitogen PHA increases miR-155 expression in normal human PBMCs.
Intragraft levels of miR-146 were higher in AR samples compared to normal allograft biopsies. miR-146 is expressed at low levels in naïve T cells, is upregulated in Th1 cells, but not in Th2 cells, and is considered as a Th1-specific miRNA (30) . In support of Th1-type cells infiltrating rejecting human renal allografts, we found that intragraft level of mRNA for the type 1 cytokine IFN-␥ but not the level of mRNA for the Th2 cytokine IL-4 were higher in AR biopsies compared to normal allograft biopsies (Fig. S2) .
miR-223 has been found to be expressed in granulocytes, platelets, monocytes, T and B cells, with levels being lower in T cells and B cells compared to granulocytes or platelets (31) . Among the miRNAs overexpressed in the AR biopsies, miR-223 levels were the highest. We also found the abundance of miR-223 to be higher compared to that of miR-142-5p or miR-155 in normal human PBMCs, and that activation of PBMCs with PHA results in a reduction of miR-223 expression.
Intragraft levels of miR-142 were also higher in AR biopsies compared to normal allograft biopsies. miR-142 expression is mostly restricted to lymphoid cells and is expressed at a lower level in differentiated Th1 cells or Th2 cells compared to naïve T cells (12, 30, 32) . We found that activation results in a reduction, albeit not statistically significant (P ϭ 0.08), in the expression of miR-142 in PBMCs.
Acute rejection of human renal allografts was also characterized by underexpression of miRNAs within the rejecting allografts compared to allografts with normal biopsy results. Indeed, among the 53 miRNAs differentially expressed between AR biopsies and normal biopsies, 43 were underexpressed and only 10 were overexpressed in the AR biopsies (Fig. 2) .
Two members of the let-7 family (let-7a and let-7c) were underexpressed in AR biopsies. let-7 family members have been shown to regulate cell proliferation and to be potential tumor suppressors (33, 34) , and let-7c was shown to inhibit expression of the oncogenes ras (23) and c-myc (24) . Our investigation showed that let-7c is downregulated in PHA-activated PBMCs (Fig. 5 D and E) and (A, F, and G) (n ϭ 7 subjects), 48 h (D) (n ϭ 4 subjects), or 24, 48, and 72 h (B, C, E, H, and I) (n ϭ 2 subjects), and RNA was isolated for miRNA quantification (A-E) or mRNA quantification (F-I) (see SI Text for full details). miRNA copy numbers were normalized using the RNU44 small nucleolar RNA copy numbers and mRNA copy numbers were normalized using the 18S rRNA copy numbers and are shown as mean (Ϯ SE) ratio of miRNA copies to RNU44 copy numbers or ratio of mRNA copies to 18S rRNA copies. P value calculated using paired t test. . miRNA copy numbers were normalized using the RNU44 small nucleolar RNA copy numbers and are shown as mean (Ϯ SE) ratio of miRNA copies to RNU44 copy numbers. Results are from 2 consecutive experiments with 2 independent primary cultures of HRECs developed from 2 human kidneys. P values calculated using paired t test.
mRNA for both H-ras and c-myc are upregulated (Fig. 5 F-I) . However, the reduction in the expression of let-7c was not observed 24 h after activation and was evident after 48 h, whereas the maximum upregulation of H-ras and c-myc was observed 24 h following activation (Fig. 5 H and I) . Thus, downregulation of let-7c does not appear to be an absolute prerequisite for the upregulation of H-ras or c-myc in normal human PBMCs.
miR-30a-3p and miR-10b were both underexpressed in AR biopsies compared to normal allograft biopsies (Fig. 3) . These miRNAs were expressed at a greater abundance in HRECs compared to PBMCs, and activation of HRECs, as demonstrated by increased expression of mRNA for proinflammatory chemokines MCP-1, RANTES, and IP-10 ( Fig. S1 ), was associated with a reduced expression of miR-30a-3p (Fig. 6) .
What Might Be the Basis for the Altered Expression of MicroRNAs in
Acutely Rejecting Allografts? Acute rejection is distinguished by infiltration of the allograft by multiple cell types including T cells and B cells, and several of the miRNAs overexpressed in AR biopsies compared to normal allograft biopsies are highly expressed in hematopoietic cells (5). Our observations revealed: (i) miRNAs expressed in high abundance in human PBMCs are present at high levels in acutely rejecting allografts; (ii) a strong positive association exists between intragraft levels of overexpressed miRNAs and mRNA for T cell CD3 and B cell CD20 (Fig. 4) ; and (iii) the strong positive relationship between renal tubule-specific NKCC-2 mRNA and miR-30a-3p and miR-10b expressed in high abundance in HRECs are all consistent with the interpretation that the altered expression of miRNAs during AR is most likely because of the relative proportions of graft-infiltrating immune cells and resident renal parenchymal cells. Our in vitro studies with the use of PBMCs and HRECs showing that some but not all of the differentially expressed miRNAs are also regulated by stimulation with the mitogen PHA raises the possibility that there may be altered regulation of miRNAs within the cells themselves. Clearly, additional studies of quantification of miRNAs within graft-infiltrating cells and resident epithelial cells are required to resolve the basis for the altered miRNA levels observed in AR biopsies.
In summary, we found that a small number of mature miRNAs accurately differentiated acutely rejecting human renal allografts from normal allografts, and AR and renal allograft function could be predicted with a high level of precision using intragraft levels of miRNAs. We also found a strong positive association between intragraft expression of miRNAs and mRNAs. Our complementary in vivo and in vitro studies, in addition to suggesting the cellular basis for altered intragraft expression of miRNAs, suggest that miRNA expression patterns may serve as biomarkers of human renal allograft status.
Materials and Methods
Renal Allograft Recipients and Biopsy Specimens. We investigated microRNA expression patterns of 33 renal allograft biopsies obtained from 32 adult recipients of human renal allografts: 12 biopsies from 11 recipients with graft dysfunction [mean (Ϯ SD) creatinine: 5.6 Ϯ 3.5 mg/dL] and biopsy-confirmed AR according to the Banff 97 classification (35) [mean age (Ϯ SD): 38.5 Ϯ 8.6 yr, 7 men and 4 women, 5 living and 6 deceased donors] and 21 biopsies from 21 recipients with stable allograft function (creatinine: 1.3 Ϯ 0.3 mg/dL) and normal allograft biopsy (46.4 Ϯ 11.5 yr, 8 men and 13 women, 15 living and 6 deceased donors). The mean (Ϯ SE) time to biopsy was 19.1 Ϯ 7.0 months posttransplantation in the AR group and 6.3 Ϯ 0.9 months in the group with stable graft function and normal biopsy results (P ϭ 0.51, Mann-Whitney test). Additional information of the study subjects is given in SI Text and Table S1 .
MicroRNA Expression Profiling. Global miRNA profiling of allograft biopsy specimens was studied using the TaqMan low-density array human microRNA panel v1.0 containing 365 mature human miRNAs (Applied Biosystems). miRNAs found to be differentially expressed in AR biopsies compared to normal allograft biopsies were quantified using TaqMan miRNA assays (Applied Biosystems) modified by the incorporation of our standard curve protocol (36) . Details for total RNA purification, miRNA profiling, quantification, and data analysis are provided in SI Text.
Measurement of Intragraft Levels of mRNA Using Kinetic Quantitative PCR
Assay. The expression level of mRNAs was quantified using real-time quantitative PCR assays as detailed in SI Text. Primers and probes sequences are shown in Table S4 .
Cell Culture. The procedures for the in vitro studies using peripheral blood mononuclear cells and normal human renal epithelial cells are described in SI Text.
